The utilization of pig manure as a source of nutrients for the dissimilatory reduction of sulfates present in phosphogypsum was investigated. In both types of media used (synthetic medium and raw pig manure) increased utilization of sulfates with growing COD/SO 4 2 ratio in the medium was observed. The percent of sulfate reduction obtained in synthetic medium was from 18 to 99%, whereas the value for cultures set up in raw liquid manure was from 12% (at COD/SO 4 2 of 0.3) up to as high as 98% (at COD/SO 4 2 equal 3.80). Even with almost complete reduction of sulfates the percent of COD reduction did not exceed 55%. Based on the results obtained it was concluded that the effectiveness of removal of sulfates and organic matter by sulfate-reducing bacteria (SRB) depends to a considerable degree on the proportion between organic matter and sulfates in the purified wastewaters. The optimal COD/SO 4 2 ratio for the removal of organic matter was between 0.6 and 1.2 whereas the optimal ratio for the removal of sulfates was between 2.4 and 4.8.
Introduction
In recent years several papers have focused on the possibility of using sulfate reducing bacteria (SRB) for the anaerobic purification of industrial wastewaters, mining waters, drainage from the metallurgic industry, wastewater sediments and drainage from communal and industrial waste heaps (Dvorak et al., 1992; Hammeck and Edenborn 1992; Jong and Parry, 2006; Lens et al., 1998; Logan et al., 2005; Look et al., 1998; Silva et al., 2002; Hulshof, 2006 , Alfaya et al., 2009 .
Studies have also been conducted involving the use of SRB for the biodegradation of organic matter combined with: 1 transformation of flue gas desulfurization gypsum (FGD), 2 transformation of FeSO 4 produced during the manufacture of titanium white from the flotation concentrate of titanic iron by the sulfate method, 3 transformation of technical FeSO 4 ×H 2 O from ferrous metallurgy and 4 transformation of phosphogypsum (FG) (Dvorak et al., 1992; Juszczak et al., 2002; Kaufman et al., 1996; Kowalski et al., 1990; Przytocka-Jusiak et al., 1995; 1997; Kosiñska and Mikiewicz, 2000; Rzeczycka et al., 2001 Rzeczycka et al., , 2004 Rzeczycka and B³aszczyk, 2005) .
Phosphogypsum is a hazardous waste material formed during the processing of apatites and phosphorites to yield phosphoric acids (Kowalski et al., 1990 (Kowalski et al., , 1996 Arocena et al., 1995; Azabou et al., 2005 Azabou et al., , 2007 Papastefanou et al., 2006 (Postgate, 1984; Widdel, 1988; Hammeck and Edenborn, 1992; Deswaef et al., 1996; Hamilton, 1998; Hass and Polpraset, 1993; Cotta et al., 2003; Lens et al., 2003) . SRB are obligatory anaerobes, which obtain the energy they require from the oxidation of organic substrates, with sulfates being the terminal electron acceptors. SRB can also utilize thiosulfates or sulfites, and even elementary sulfur as electron acceptors. The preferred carbon sources for this group of microorganisms are compounds that are derived from fermentation processes, which are formed during the anaerobic degradation of organic matter: organic acids (e.g. lactate, pyruvate, formate and acetate) as well as alcohols (ethanol, propanol and butanol) (Postgate 1984; Hao et al., 1996; Rhabus et al., 2006) .
The pathway of the degradation of carbon compounds by SRB depends on the interaction between this group of microorganisms and other bacteria. The addition of sulfates in the form of phosphogypsum, for example, favours domination of the system by sulfatereducing bacteria (appropriate choice of COD/SO 4 2 ratio). The activity of these bacteria results not only in the removal of sulfates (by their conversion to sulfides), but also in the breakdown of organic matter.
Phosphogypsum can be the sole source of sulfate, phosphorus and biogenic elements for these bacteria. Like other microorganisms, SRB, besides sources of carbon and energy, also require a source of nitrogen. Therefore, besides phosphogypsum, a source of organic carbon and nitrogen is also necessary. One of the waste products that could be utilized as an inexpensive source of carbon and nitrogen for SRB is raw liquid manure.
Pig manure is a production waste that arises on pig farms during animal production. For many years both aerobic and anaerobic biological manure purification methods, with accompanying production of methane, have been used. Manure is not, however, a good medium for growing bacteria because of unfavorable proportions between the basic biogens. The biotransformation of phosphogypsum, combined with anaerobic breakdown of manure could be one of the ways of reducing the amounts of both these arduous waste matters. Phosphogypsum is rich in calcium and phosphorus and poor in nitrogen, but it should be kept in mind that the introduction of large amounts of sulfates together with phosphogypsum will alter the direction of the selection of bacteria in the anaerobic purification of liquid manure and that the leading role in the last stages of purification will be played by sulfate reducing bacteria.
The end products formed in the course of the purification process are: a calcium-organic deposit (which has potential use as a fertilizer) and elemental sulfur obtained in chemical or biological pathway.
The aim of the current study was to investigate the possibility of using a community of sulfate reducing bacteria for the simultaneous biotransformation of phosphogypsum and manure from industrial pig farming, thus removing two onerous waste products at one time.
Experimental Materials and Methods
Microorganisms. A mixed community of sulfatereducing bacteria isolated from various environments, as described elsewhere (Przytocka-Jusiak, 1995) was used.
Growth media. Sulfate-reducing bacteria were cultured in: A synthetic minimal medium containing (in g/l distilled water): 1.0 NH 4 Cl; 1.010.0 phosphogypsum (in the form of a deposit), the source of carbon used was (g/l): sodium lactate (4.7). B non-sterile pig manure (average chemical composition Table I ) used in this study was obtained from an industrial pig farm and stored in 5 l bottles at 45°C. It was diluted 3 or 6 times prior to before use. C Liquid manure containing (g/l in distilled water) 1.010.0 phosphogypsum (in the form of a deposit).
Phosphogypsum (Table II) was from a waste dump located in Wizów near Boles³awiec (Kowalski et al., 1990) . The solubility of phosphogypsum in the above medium was approx. 36% and the concentration of phosphogypsum in the solution was therefore approx. 1.8 g/l (930 mg SO 4 2 /l). The pH of the medium at the time the culture was set up was 7.4. The growth of sulfate reducing bacteria was studied in the COD/ SO 4 2 range from 0.3 to 4.8. Culture conditions. The cultures were set up and maintained in 0.33 dm 3 bottles with rubber stoppers, 30 ml of active mother culture was introduced through the rubber stopper using a syringe into 270 ml medium. The cultures were incubated in thermostat for 815 days at 30°C. When the culture reached its maximum activity it was introduced into fresh medium with the same composition. Three consecutive passages in the same medium (minimal medium or pig manure) were made.
Determinations. Sulfides were determined using the iodometric method with Lugols solution (0.05 M) and sodium thiosulfate (0.05 M) against starch (0.5%) as an indicator. Chemical oxygen demand (COD) was determined as described in (Malina, 1967 The COD/SO 4 2 ratio was calculated as the ratio of COD and concentration of sulfates in the medium. The coefficient of carbon oxidized was calculated from the proportion between COD reduction and amount of reduced sulfates. The maximal rate of sulfate reduction (V max SO 4 2 ) was calculated based on the maximum rate of sulfate reduction (mg SO 4 2 /l x day).
Results and Discussion
The growth of a community of sulfate reducing bacteria (SRB) in minimal medium and raw manure was examined. The source of the sulfates used was phosphogypsum: an industrial waste that is formed in large quantities during the production of phosphoric acid. Phosphogypsum has been shown to be a good electron acceptor for SRB (Kowalski et al., 1996) . The solubility of phosphogypsum in the above medium was approx. 36% and the concentration of phosphogypsum in the solution was therefore approx. 1.8 g/l (930 mg SO 4 2 /l). Such a high amount of sulfate ions allows for the high activity of sulfate reducing bacteria (ca. 400 mg SO 4 2 /l × day) (Fig. 1) . The carbon source for these bacteria in minimal medium was sodium lactate and in the case of liquid manure the organic compounds present in it. Considerable differences in the development of SRB in medium minimal and diluted manure were observed (Fig. 1) . In the first passage the reduction of sulfates in pig manure diluted six-fold (COD approx. 2500 mg O 2 /l) and three-fold (COD approx. 5000 mg O 2 /l) reached its maximal value only after 12 days of incubation (1270 and 850 mg SO 4 2 /l, respectively) whereas in parallel culture in minimal medium 2100 mg SO 4 2 /l were reduced after only 6 days of incubation. This is easy to explain because the studied community of bacteria had been repeatedly grown in minimal medium. The necessity of considerably diluting liquid manure in order to achieve simultaneous phosphogypsum biodegradation would be economically unprofitable and for that reason an attempt was made to adapt the bacteria to the raw manure. The activity of the bacteria grew considerably in the second and third passages (Fig. 1B and C) . In three-fold diluted pig manure the reduction of sulfates in the second passage after 10 days was 1550 mg SO 4 2 /l, and after a consecutive (third) passage it was comparable to that obtained in culture in minimal medium and raw manure diluted six-fold (Fig. 1C) .
It is thus possible, when using pig manure as a culture medium for bacteria reducing sulfates in phosphogypsum, to strongly limit the dilution of the manure with water.
The use of pig manure as a source of carbon for SRB also requires determining the appropriate proportion between the concentration of electron donor and concentration of electron acceptor in the form of sulfates in phosphogypsum. In the subsequent stage of our studies the development of a community of sulfate reducing bacteria in minimal medium and raw manure diluted three-fold, with COD/SO 4 2 ratio between 0.3 and 4.8, was examined.
The amount of sulfates reduced depended on the COD/SO 4 2 ratio in the medium (Fig. 2) . It was the highest when the ratio was 0.81.2 and successively dropped as the ratio increased. Reduction in the amount of reduced sulfates with increase of COD/ SO 4 2 ratio (from 0.30 to 4.70) was also observed by Mikiewicz (1997, 1999) in cultures of Desulfovibrio desulfuricans maintained in liquid pig manure. Studies by Song et al. (1998) on electroplating wastewaters inoculated with a community of SRB showed that the amount of sulfates reduced dropped with increasing COD/SO 4 2 ratio in the medium from 0.33 to 1.21.
The rate of the reduction of sulfates (Fig. 3 ) in minimal medium and raw manure was the highest when the COD/SO 4 2 ratio in both studied media was 0.3 (300 and 180 mg SO 4 2 /l x day, respectively). With increasing COD/SO 4 2 ratio in the medium the rate gradually declined. Song et al. (1998) observed accelerated rate of reduction of sulfates with increase of COD/SO 4 2 ratio from 0.33 to 1.21, but the rate of violently decreased when the latter value was exceeded. Mikiewicz (1997, 1999) in their studies on the growth of Desulfovibrio desulfuricans in raw liquid manure observed that the rate of reduction of sulfates was the highest at COD/SO 4 2 = 0.81.3. Sulfate reducing bacteria are able to utilize various carbon sources. However, sodium lactate, which we used as the sole carbon source in minimal medium, is considered the best carbon source for these bacteria (Hao et al., 1996; Postgate, 1984; Rhabus et al., 2006) . The second of the growth media used fermented pig manure contains various organic compounds, both high and low molecular weight ones. The specific chemical composition of pig manure is the outcome of the action of different groups of microorganisms, especially of bacteria conducting hydrolysis and fermentation processes (Cotta et al., 2003; Zhu, 2000; Logan et al., 2005) . Pig manure is also rich in mineral compounds and contains high concentrations of inorganic nitrogen, phosphorus and magnesium as well as microelements. Bacteria growing in pig (1) and raw manure (2) with varying COD/SO 4 2 ratio.
manure utilize first of all those compounds that are the simplest and easiest to assimilate. The studied cultures in our experiments were maintained under nonsterile conditions and moreover, they were inoculated with a community of bacteria in which accompanying microflora, competing with sulfate reducing bacteria for carbon sources, was always present. Literature data indicate that the growth and domination of individual groups of microorganisms in such communities depends not only on the carbon source used, but also on the COD/SO 4 2 ratio in the medium. The main group competing with SRB are methanogenic archeons. At COD/SO 4 2 ratio lower than 1.7 SRB dominate, within the range 1.72.7 both groups of organisms co-dominate, and when the ratio exceeds 2.7 methanogenic archeons take over. According to Hao et al. (1996) the only group present in the medium at COD/SO 4 2 ratio lower than 0.4 are sulfate-reducing bacteria.
The COD/SO 4 2 ratio in the medium in the studies presented in this paper was 0.34.8. Consequently, in cultures with COD/SO 4 2 ratio higher than 1.7, the significant role of methanogenic archeons could be anticipated. The highest COD reduction in cultures in minimal medium or pig manure was observed at the COD/SO 4 2 ratios of 0.6 and 1.2, respectively (Fig. 4) . The effectiveness of the removal or organic carbon (similarly to the rate of sulfate reduction) dropped with increase of COD/SO 4 2 ratio in the medium to values above 1.2. This is understandable because the concentration of sulfates in the medium that could serve as electron acceptors for SRB decreases. Somewhat different results were obtained by Kosiñska and Mikiewicz (1999) for Desulfovibrio desulfuricans cultures in raw liquid manure and wastewaters from a yeast production plant. The authors obtained the best results for the removal of organic matter at COD/ SO 4 2 ratio in the medium of 0.40.8. Vossoughi et al. (2003) demonstrated that a decrease of COD/SO 4 2 ratio (from 16.7 to 6.0) had little positive effect on removal efficiency. This behavior could be attributed to the presence of the numerous sulfate-reducing bacteria, which are able to utilize organic carbon.
Based on the reaction: 2C + SO 4 2 + H 2 O → H 2 S + 2HCO 3 Maree and Strydom (1987), Hao et al. (1996) calculated that the theoretical COD/ SO 4 2 ratio should be 0.67 mg COD/mg SO 4 2 . Stoichometrically, 1200 mg COD is required for the reduction of 1800 mg sulfate. However, this coefficient is usually higher and depending on the carbon source and type of culture, it ranged from 0.7 to 1.5. In the studies presented in this paper the value of the coefficient of oxidized carbon to reduced sulfates in minimal medium was from 0.52 to 1.8, whereas in pig manure it was higher, from 0.82 to 2.0 (Fig. 5) . The high value of the discussed coefficient explicitly indicates the utilization of the organic compounds present in the medium by accompanying microflora that occurs in the pig manure in large numbers.
In the studied cultures on mineral medium and three-fold diluted raw pig manure an increase in COD/SO 4 2 ratio in the medium was observed to be accompanied by increased utilization of sulfates (Fig. 6) . The reduction of sulfates in cultures set up in raw liquid manure with COD/SO 4 2 of 0.3 was 12% and with COD/SO 4 2 of 3.8 was as high as 97%. Similar results were obtained by Kosiñska and Mikiewicz (2000; for Desulfovibrio desulfuricans grown in medium with pig manure. The authors observed, however, a somewhat higher percentage of sulfate reduction (approx. 46%) at low COD/SO 4 2 ratio in the medium. It should be pointed out, however, that even with almost complete reduction of sulfates (e.g. 97% for pig manure and 99% in minimal medium) COD reduction never exceeded 55% (Fig. 6) .
Based on the data obtained in this study it can be concluded that the effectiveness of the removal of sulfates and organic compounds by a mixed community of sulfate reducing bacteria depends to a significant degree on the proportion between organic matter and sulfates in the purified wastes. The COD/SO 4 2 ratio that is optimal for the removal of organic matter differs, however, from that being optimal for the removal of sulfates and is 0.81.2 and 2.44.8, respectively.
The studies presented here, conducted using synthetic medium and raw liquid manure, are consistent with earlier observations regarding the possibility of using sulfate reducing bacteria for simultaneously removing sulfate ions and organic matter from varied wastewaters. Wastewaters are rarely characterized by adequate ratio of organic matter content to that of sulfates from the viewpoint of effective course of purification. Consequently, besides appropriate pH, salinity, temperature or C:N ratio, also the COD/SO 4 2 ratio is an indicator of crucial importance. However, our results are in strong support of the future potential of employing SRB for the removal of hazardous pig manure and phosphogypsum in a single process.
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